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ABSTRACT

A transient poroelastic formulation based on the Biot consolidation theory is presented to study the impact of underground
longwall mining of coal on strata deformation and the subsequent modification of hydrogeological properties. A finite-clement
model is used where the geometric conditions may be complex. The important parameters in this model are identified as pore
pressure ratio, «, and relative compressibility, «, with the latter exerting far greater influence on the resulting fluid pressure
field than the former. This study indicates that the fluid pressure distribution is strongly controlled by the stress distribution,
or the strata deformation induced by mining has a great impact on the change in hydrogeological environment in the

mining region.
Introduction

Flow systems in porous media are often tran-
sient, resulting in changes in hydraulic head or
pore pressures and corresponding mass fluxes with
time. This behavior may result from changes in
either fluid pressure or total stress boundary condi-
tions applied to the system. It is the admissibility
of changes in total stress within the system that
describes the essence of coupled poroelastic beha-
vior and sets it apart from decoupled diffusive
(flow) systems. Comprehensive coupling between
stresses and pore pressures was first rationalized
by Biot (1941) and later adopted in many applica-
tions to specific poroelastic systems (Ghaboussi
and Wilson, 1973; Zienkiewicz et al., 1977; Simon
et al., 1984). The poroelastic theory has been
applied to problems of consolidation (Booker and
Small, 1987), prediction of surface subsidence
caused by groundwater extraction (Lewis and
Schrefler, 1987) and evaluation of the stress, pres-
sure and failure fields around boreholes
(Detournay and Cheng, 1988), among others. This
study applies Biot’s theory to mining-related prob-
lems, evaluating the coupled transient pore pres-
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sure response and solid displacement fields that
develop as a result of underground mining. Of
particular interest is the effect of mining on the
behavior of overlying strata where transient pore
pressure changes may aid future evaluation of
failure around the excavation or alternatively
define the mechanical properties of the deforming
system.

Poroelastic response

For transient flow systems, the ability of water
to be removed from or added to storage within
the porous medium controls the rate of response.
Specific storage controls this process and may be
defined as:

1
Se=pg<k‘+as+ﬁf> (1)

where p is fluid density, g is gravitational accelera-
tion, K, is bulk modulus of the skeleton of the
porous medium, &, is compressibility of the solid
grains and is equal to (1 —n)/K; where n is porosity
and KX is solid bulk modulus of the grains, and f;
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NOTATION
(M =mass, L=Ilength, ¢=time)

a* load width L t real time t
ab half width and length of L At time increment t

element T dimensionless time factor —
B strain-displacement matrix — u displacement L
C, consolidation coefficient L2t v flow velocity Le!
E elastic modulus ML 1472 14 domain volume L3
F applied boundary tractions — Xy distances L
f nodal force ML:? o pore pressure ratio —
G shear modulus ML 72 oy pore pressure ratio —
g gravitational acceleration Lt? ) relative compressibility —
H,R Biot constant — o, compressibility of solid grains —
H, height of column L Bs fluid compressibility —
h hydraulic head L & normal strain —
K hydraulic conductivity L! &x.0  volumetric strain —
K, skeletal modulus ML t¢? 6,0, stress, effective stress ML 1t?
K; fluid bulk modulus ML 1¢72 Oyes0e total stress ML~ 1t72
K, grain bulk modulus ML 1472 7y  mapping coordinates —
n porosity — 0 fluid density ML™3
N,M element based shape functions — A Lame constant —
P fluid pressure ML~ 't72 v Poisson ratio e
0 boundary discharge — Wy poroelastic constant —
q specific discharge L3¢1 ® overrelaxation factor —
S domain surface L? y fluid unit weight ML™%72
S, specific storage L2 8 Kronecker delta —
S, specific surface Lt b weighting constant —

is fluid compressibility given by n/K; with K; being
fluid bulk modulus.

Combining Darcy’s law together with continuity
requirements, assuming a constant fluid density
and considering solid compression due to total
stress changes, yields a flow equation of the
form:

—V(KVh) = —(a;+ Be)p + oy )]

where K is hydraulic conductivity, 4 is the hydrau-
lic head (pressure head plus elevation head), p is
the fluid pressure, g, is total volumetric strain,
and w, is a constant. Neglecting the influence of
time dependent changes in elevation head enables
pore fluid pressure to be defined as p=pgh.
Substituting for head in Eq. 2 yields:

1
- &V(KVP) = — (o5 + Be)P + oy 3)

In this equation specific storage is in a form

representing the compressibility of fluid and solid
grains with skeletal compressibility encompassed
in the term w,.

The general stress—strain relationship incorpo-
rating effective stress effects through pore pressures
may be written as:

(1+v) v o
&= E Uij_EUkkaij_éT;.Daij 4)

where E is elastic modulus and v is Poisson ratio,
o, and H are constants and will be discussed later
and §;; is the Kronecker delta. The equilibrium
equation in the absence of self weight and inertial
effects may be given as:

05,;= 0 (5)
and the strain-displacement relation is defined as:

&; = %(ui,j + “j.i) 6
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Governing equations

The equation governing solid body deformation
is obtained through substitution of Eq. 4 and the
strain-displacement relation of Eq. 6 into the equi-
librium equation, Eq. 5, to yield, following some
rearrangement (Biot, 1941):

Gu; 5+ (A+ Gy s+ p ;=0 M

where G is shear modulus and A is a Lame constant.
Darcy flow velocity, v; can be expressed as:

vi=Kp; 3)

The basic statement of continuity of flow requires
that the divergence of the flow velocity be equal
to the rate of fluid accumulation per unit volume
of space, therefore:

Vi = Oy — 0P )]

where a,; corresponds to a and a, corresponds to
1/Q in Biot’s theory (Biot, 1941). Substituting
Eq. 8 into Eq. 9 gives the governing equation
representing flow as:

1

png,kk =0y &y — 0P (10)

Equations 7 and 10 constitute the governing system
equations for poroelastic behavior.

Parametric determination

In general, Terzaghi’s effective stress law is
defined as:

‘Tiej=0'icj*l’5ij amn

where of; is effective stress, and of] is total stress.
The validity of Terzaghi’s effective stress remains
questionable, in particular for rock engineering
since primary assumptions are of incompressible
fluid and grains. Where grain compressibility is
finite a stress ratio term must be added.

The two important parameters «; and a, used
in Egs. 7 and 10, require definition. In Biot’s
theory, the volumetric strain can be written as:

1

1 K,
0=Z<§(0’11+022+033)_‘ﬁ1’> (12)

or for isotropic stress conditions:

611+ 045+ 033 =30, (13)
0= (0.~ )= (14
- Ks (S ap) = Ks g,

The effective stress may be defined as:
O.=0,—ap (15)

where o is termed the pore pressure ratio. Equation
15 reduces to Terzaghi’s theory only when « is
unity. Although « may approach unity for com-
pressible rocks (Kranz et al., 1979; Walsh, 1981),
the magnitude may be determined from both the
degree of rock fracturing and solid bulk modulus.
Geertsma (1957) and Skempton (1960) proposed,
on experimental grounds, that:

K
=1-=2 16
o (16)

g

where K| is the effective modulus of the skeleton
and K, is the bulk modulus of grains. Nur and
Byerlee (1971) verified this relationship theoreti-
cally. It is only when the effective compressibility
of the dry aggregate is much greater than the
intrinsic compressibility of the solid grains
(K,«K)), that o« and Eq. 15 reduce to the Terzaghi
relationship of Eq. 11.
In Biot’s approach (1941):

_20+W G_ E

MTI0-2H 3(1-mH 7
=g -2 (3)

where R and H are constants that may be experi-
mentally determined.

From the theory of elasticity (Timoshenko,
1934), it is known that bulk modulus of rock, K|,
has the form:

E
=30- (19
Equation 17 may be rewritten as:
K,
@ =2 (20)

Noting the equivalence of a; and «,, and equating
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Eq. 20 with Eq. 16, we have:

H= L_1\" 21
( K, K) (21)
It may be noted that only when K, » K, K,;~H
(which is often the case for soil), that Terzaghi’s
effective stress law holds.

It is a more controversial issue to define the
parameter a,. In major part this results from the
dispute with regard to the exact form of Terzaghi’s
effective stress law. If the effective stress law is
followed, «, is most widely suggested to be
(Verruijt, 1969; Bear, 1972; Huyakorn and Pinder,
1983):

n
L=k (22)
If the compressibility of the solid grains is not
negligible however, then (Liggett and Liu, 1983):

(1 —n)+£
Ks Kf

%, = (23)
If we equate Eqs. 23 and 18 and also note Eqgs. 20
and 21, then R may be derived for Biot’s theory
as follows:

n 1—-n (K,—K)*\!
R=|—+ + 5 24
(Kf K, KK} ) @9

Finite-element formulation

From the previous analysis, Egs. 7 and 10 may
be rewritten in two-dimensions as:
%y %y, op

G=7 B S (L4 G) 5 o toayg =0 25)

1 0 op op 0 [0y
— — K= ) -, =+
pg 0x; (Kaxi) 2o M ( ) 0 (26)

with i=1,2; j=1,2 and «, is defined in Eq. 17 with
H being defined by Eq. 21. «, is referred to as
relative compressibility and is defined in Eq. 18
with R being given by Eq. 24. When K, « K|, then:

n 1\

or: a, =n/K;.
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Shape functions may be prescribed to map dis-
placements and pressures:

u; =Nt pi=Mp

where %; and p are nodal magnitudes of displace-
ments and fluid pressures, N and M are element-
based shape functions. The substitution of the
shape functions and application of Galerkin’s prin-
ciple to Eq. 25 leads to:

0%, CoatTh
L{NGa %,0x J+(/L+G)Na 3x,

+o,M % }dV 0 (28)
ox;

where V is the volume of the integral domain.

Applying Green’s theorem to all derivative terms
in Eq. 28, and using surface traction boundary
conditions, the result may be rearranged in an
incremental form after dividing through by time
increment Az:

ON 0i; ON 0z ON 0N 0g;
G Ty — — =
v ax ot Ox; Ot Ox; Ox; Ot
M P of;
= 2
+o 1a }dV J-SNatdS 29

where S is the domain surface upon which surface
tractions f; are applied as boundary conditions. In
a similar manner, the flow relationship of Eq. 26
may be approximated using Galerkin’s procedure,
to give:

1 oM aM Taa OP
J{ o i —o,M M6
+a1N2Naau}dV qudS (30)

where K is hydraulic conductivity, y is fluid unit
weight y = pg and g is the outward fluid flux specific
discharge) normal to boundary surface, S.

Equations 29 and 30 can be written in matrix
form as:

o GG DO e

where:

u={u,u}"={uv}T, p={p}
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are vectors of nodal displacements and pressures,
respectively, and:

=1 a_M_Ka_MdV (32)
Y Jy 0x;  Ox;
KT:J B'DBdV (33)
Vv

and B is the strain-displacement matrix:

0
o,
)
T
= — 4
B 0 o, (34
o 9
Ox, Ox,
1—v v 0
E v 1—v 0
D=———— 35
2
ON oM
T o — viva
R _LalNaxidV, R chl o, Mdv
(36)
where i=1,2.
L= —f a,MTMdV 37
| 4
F= f Nids (8)
S
Q=J. MgdS (39)
S

Incompatible mode

For the governing equations (Egs. 29 and 30)
to be physically meaningful, it is essential that the
components of the partial stress tensor be continu-
ously differentiable to the first order. Thus, using
polynomial interpolation functions (shape func-
tions) the pore pressure distribution must be one
order lower than that chosen for the displacement
field. A quadratic displacement field and a linear
pressure field are chosen in this work. For the

choice of a rectangular element, quadratic repre-
sentation can be accommodated by adding central
nodes to the element. In order to achieve quadratic
displacement representation and bilinear variation
of pressure within individual elements, Turner’s
hybrid plane stress element (Turner et al., 1956) is
incorporated into the finite-element program with
the appropriate transformation for plane strain
conditions. This hybrid element may be shown to
create exactly the same stiffness matrix as Wilson’s
non-conforming element (Wilson et al., 1973;
Froier et al., 1974).

In Turner’s hybrid element, the corner displace-
ment components are expressed as:

u 1/N, N, N, -N,
<v>=Z<Ny N, —N, Nz}
Ny N, N, —NJ\/u
{Nj Ny —N, N4><\7i> 0
where: i=1, 2, 3, 4.
Ni=(1+nn1 +y¥:y)

av 5 b
NX=E(1-’1)+%(1—!//2) @1)

a av
Ny=—(0-n)+—-(1—y?

where v is Poisson ratio, ¢ and b are half width
and half length of the four node element, and #
and ¢ are isoparametric mapping coordinates in
the horizontal and vertical directions, respectively.

Time stepping schemes

In transient analysis, the discrete equations must
be represented in the time domain. A simple two-
point finite-difference discretization in time may
be used instead of the finite-element approach
since the increased accuracy obtained in using the
latter method does not justify the additional com-
putational effort.

To approximate the derivative of a function, u,
with respect to ¢ by a general finite-difference
scheme, we have:

. Uppy — Uy
== — (42)
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To approximate an unknown function », we can
write:

Urg e = X(th+ 1) + (1= 1) () (43)

where y is a weighting constant describing linear
behavior within the time step A¢, y=1 represents
a forward or explicit discretization of time, y=0a
backward or implicit finite-difference scheme and
x=0.5 a Crank—Nicolson or central difference
scheme. It is well known that for an uncondition-
ally stable finite-difference approximation, we
should have y>0.5.
Equation 29 may be rearranged as:

Kii+Rp=F (44)
together with Eq. 30:
Ep+Ra+Lp=Q 45)

A matrix form of the backward time-stepping
procedure is adopted in this analysis and may be
written as:

KT R u\p+1

<RT A‘E +L><p>
K, R\/uy / F \y+t [/Fy

o G o) 6]
R' L/\p/ \AQ 0

For improved accuracy, using the Crank—Nicolson
scheme, the following matrix form may be
substituted:

(Kt R (u>t+1

R %AtE+L> P
K, R\/uy / F \+1 F Y

(o )G/ laa) *laa) @
R' L/\p 3A1Q 3A1Q

Initial conditions

It is assumed that in the interior of the porous
medium displacements, », and pore pressures, p,
are continuous functions of space and time. In
fact, this condition holds for the first differentialt
coefficients with regard to ¢, and for the first and
second differential coefficients with regard to x
and y in governing equations 29 and 30. However,
these assumptions cannot be made at the boundary
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of the porous medium, nor can they be made at
the instant that loading is instantaneously applied.
As a result, special treatments of boundary and
initial conditions are required.

In general, the initial displacement field and
pore pressure distribution can be evaluated
through solving the static governing equation:

e 1)G)-G) “

However, for incompressible or only slightly com-
pressible fluid, the static governing equation may
be ill-conditioned. An alternative method is to use
a ramp loading as described in the following to
approximate the initial conditions.

Instantaneous loading may be expressed as:

{f(t)=0 t<0
fO=f t=0

This leads to instantaneous generation of pore
pressures and corresponding displacement field as
shown in Fig. 1(a). The resulting discontinuity at
time =0 should be smoothed to ensure a proper
imposition of initial conditions. One method able
to avoid violent oscillations that may result from
step loading is to use a linear function in the first
time step as illustrated in the following:

(49)

fl=0 t<0
f)=fot/At 0<t<At (50)
fO=f t> At

This is illustrated in Fig. 1(b), where f(r) represents
the time-dependent nodal force.

Model validation

The finite-element model introduced previously
has been validated against a number of published
cases.

The first example involves the process of consoli-
dation of a rock column subjected to a uniformly
distributed external load ¢ with the lateral motion
being constrained. The finite-element configuration
is shown in Fig. 2. The comparison of temporal
settlement (surface subsidence) between the numer-
ical model presented and the analytical equivalent
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Fig. 1. Force boundary.

single porosity model by Biot (1941) is depicted in
Fig. 3. It appears that good agreement is achieved
except at late times.

It is frequently convenient to use a dimensionless
time scale factor, T such as:

Gyt

T—H2

1

where ¢ is real time, H_ is height of the column,
and coefficient of consolidation, C,, may be eval-
uated through the following.

It is known from Biot consolidation theory
(1941):

_204wW6 _E K,
*=301-2wH 3(1-2vH H

(52)

Y

fgdandnoflow —gml 2mles—  rigidandno-flow

Fig. 2. Column problem by a finite-element model.

Normaniized settlement

ees analytic

*®-w numeric

-1 0 1 2 3 4 S
Time [ logft). secondsl

Fig. 3. Temporal settlement by column problem.

where H is defined in Eq. 21. Therefore, Eq. 16
holds (&, =a).
Biot (1941) defined:

—=——— (53)
Substituting Egs. 16, 21 and 52 into 53, yields:

1 (Kg—Ks)2+l—n+ n)!
Q KsKg K,

K\/1 1
"(“E)(Z‘E;) G4
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If we assume K, ~K,, K,» 1, then:

——— (55)

For the condition Q= o0, as defined for saturated
clay in Biot (1941), we have:

1{n n?
KS—E{Ei K—f2+4} (56)

where only skeletal compressibility is accommo-
dated. From Biot (1941):

1-2v  (1+v)(1-2y)

=G (—wE 67)
and:

1 a* 1

o= (ko) ©9

where K is hydraulic conductivity (permeability
coefficient). Substituting Eq. 57 into 58 and rear-
ranging the result, gives:

_gidva=2y 1171
C”—K{ (1-V)E +Q} pg &9
If Q= oo then:
E(1—v) 1

-2 ‘6"’

Equation 60 has been used widely (Biot, 1941;
Ghaboussi and Wilson, 1973; Khaled et al., 1984,
Booker and Small, 1987).

A comparison of excess pore pressure along the
column of Fig. 2 is made between this numerical
model and the analytical solution proposed by
Terzaghi (1923). Dimensionless time factor, T, is
calculated from Eq. 51. The results are shown in
Fig. 4 and a relatively good match is achieved
except at the nodes close to the loading surface
due to numerical instability.

Another example is given for a two-dimensional
problem comprising a layered geometry. A rock
layer of depth H_ is subjected to a uniformly

M. BAI AND D. ELSWORTH

ee8 gnalytic

~e-e numeric

o :

4 0.6 0.8 1.0 1.2
Normalized pressure

T Ly

c.0 0.2 0.

Fig. 4. Spatial pore pressure by column problem.

applied load, ¢, of width a*. The surface is freely
drained, the bottom is rigid and the mesh is shown
in Fig. 5. Dimensionless time, 7, may be evaluated
using Eq. 51. For a ratio of H./a* equal 1, the
normalized surface settlement of the model
described in this work is depicted in Fig. 6 and is
compared with the calculation by Booker (1974)
for the case of v=0. A satisfactory match is
achieved.

— 2 |<—
load q free drainage
A
1 2 3 4
=
5 5 6 7 8
€
8 He
g
g 9 10 11 12
13 14 15 16
rigid impervious

Fig. 5. Mesh layout for a 2-D finite-element model.
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T
Time (cva"d

Fig. 6. Temporal surface settlement.

Model applications

The transient poroelastic model has a number
of interesting applications in predicting the time-
dependent solid displacement and fluid pressure
response of porous media as a result of
underground mining. A steady-state model may
be valid in simulating the terminal change in fluid
pressure. For evaluating a change in the fluid
pressure as mining progresses, application of a
transient model appears mandatory.

The model described previously is used to repre-
sent the response to underground mining of a
horizontal panel in an elastic medjum. Excess pore
pressure is assumed to be zero everywhere, initially.
In representing behavior resulting from under-
ground excavation, a force boundary condition
equivalent to cover load is applied at the mining
level to generate an elastic displacement field as
well as a resulting pore pressure field in the sur-
rounding rock. Excess pore pressures are retained
as zero on the surface, in the far field and equiva-
lent to negative hydrostatic pressure on the excava-
tion boundary. Advantage is taken of model
symmetry, with only half of the model represented
in the lateral direction, starting from the centerline
of the panel where nodes are allowed to move
vertically only.

In the following, subsidence is reported first,
followed by the description of pore pressure effects.
In each of these sections, instantaneous excavation

is first considered followed by the discussion of
progressive excavation.

Time-dependent surface displacements

The coupling between elastic displacement and
fluid pressure under external loading can be
described by the process of consolidation, in which
a gradual increase of solid displacement occurs as
a consequence of fluid pressure dissipation dye to
drainage at the mine opening. An explicit view of
the longitudinal and transverse sections of a long-
wall panel examined here is depicted in Fig. 7.

(a) Surface displacement in transverse section
{instantaneous excavation)

The initial displacement of the porous medium
in this particular problem is large as a result of
the elastic compressibility of the system. The dura-
tion of consolidation is short as controlled by the
fluid diffusive parameters of the system. An
illustrative finite-element mesh layout (model a) is
given in Fig. 8 for a transverse section where model
symmetry has been considered. Parameters
averaged from field measurements for this particu-
lar case study are described in Table 1.

Normalized surface subsidence over the mining
panel with respect to various times is depicted in
Fig. 9. Rapid consolidation may be noted with the
curves illustrating an abrupt increase in surface
subsidence, in particular over the gob centers. This

o e
1
L cF=>3,

@ O T >

3 P

3 2

8 , £

Py transverse section '___..-.-3 ______

] // 8

a2 D ,’/ Q ‘o’ &\

-~ ; \)&
/’/ Q\@

L 4
AT A A A WS
u =0, v = 0 (boundary)

Fig. 7. Three-dimensional view of a longwall panel.
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TABLE 1

Parameters for finite-element model a

Material Conduct(gpd/ft?)  Modulus(psf) Poisson ratio
1 1 500000 0.25

2 0.5 5000 0.4

3 0.6 200000 0.3

Conversion: 1 gpd/ft?=4.72x 10" 7 m/s and 1 psf=47.88 Pa.

46 9 137 183 (M)
2}
-1007
-200- 61
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Oy i e A 216
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) 400
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Fig. 8. Mesh layout for finite-element model a.
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Fig. 9. Temporal surface subsidence for model a.

may reflect the effect of a strong contrast in
material properties between the gob and the sur-
rounding strata.

The predicted surface horizontal displacement is
illustrated in Fig. 10. The maximum horizontal

IS
~
-

—u wi00dYS 7/

Normalized horizenntal displacement
1 1
.
///
/// “
/
/,
\\
RN
AR
N
\\\

/
e
\

[ 100 200 300 400 500 600
Distance from panel center (ft)

Fig. 10. Temporal surface horizontal displacement for model a.

displacement occurs approximately 250 ft (76.2 m)
from the panel center. This is an indication that
maximum surface slope occurs within the area
directly over the gob.

(b) Surface displacement in longitudinal section
(progressive excavation)

Transient surface displacement is apparently
critical in the longitudinal direction as the mining
face advances. A correct prediction of the travelling
subsidence wave ahead of mine development may
result in the recognition of an efficient treatment
to minimize potential damage due to mining.

The advance rate of the mining face, however,
is usually not a continuous function of time. There
is often downtime, delay time, and even accidents
that prevent the face from moving continuously.
For a first approximation, however, a constant
rate of face advance is assumed in this study. The
finite-element mesh (model b) is given in Fig. 11.
The material constants used in the model are listed
in Table 2 (data are modified from the case study
by Hasenfus et al., 1988).

The average rate of face advance is assumed to
be 30 ft/day (9.1m /day). Behavior is viewed at
times of 20, 40, 60 and 80 days, corresponding to
600, 1200, 1800 and 2400 ft advance (183, 366,
549, 732 m), respectively. The four stages of face
advance is shown in Fig. 11. The loading is applied
instantaneously at these designated times and loca-
tions as an approximation to smooth advance. The
normalized travelling vertical displacement curves
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Fig. 11. Mesh layout for finite-element model b.

TABLE 2

Parameters for finite-element models b,c,d

Material Conduct(gpd/ft?) Modulus(psf) Poisson ratio

1 4.26 251000 0.27
2 0.33 868000 0.18
3 04 460000 0.22
4 1.12 460000 0.22
5 0.5 189000 0.37
6 0.3 50000 04

7 0.83 537000 0.2

Conversion: 1 gpd/ft2=4.72x 10" 7 m/s and 1 psf = 47.88 Pa.

are shown in Fig. 12. The increase in size of the
subsidence trough, both in depth and in extent,
may be a direct consequence of both the increase
in panel width and consolidation of the solid.

Transient pore pressure response

Variation of effective stress and thus pore pres-
sure may exhibit a controlling influence over the
modification of hydraulic conductivity, especially
where the formation is fracture dominated. Pore
pressures vary most in regions of large modifica-
tion in total stresses. This poroelastic model is
linear and does not account for changes in hydrau-
lic conductivity. The behavior for instantaneous
excavation of a 600 ft wide panel is examined in
the following sections.

(a) Pore pressure in transverse section
(instantaneous excavation)

A finite-element mesh (model c), similar to but
denser than the one shown in Fig. 8 is depicted in
Fig. 13, where the half mining width is 300 ft (91.4
m). The left side boundary represents the centerline
of a mining panel. The parameters used in the
calculation are given in Table 2.

Dissipative pore pressures are illustrated in Figs.
14-17 with respect to time, ranging from 1 day to
1000 days. Excess pore pressures in these figures
are normalized with respect to the maximum pore
pressure values in the time equal to 1 day. It is
interesting to note that at earlier times (Fig. 14)
the zones of high normalized excess pore pressure
are located in the areas adjacent to the panel with
the highest pressure magnitudes appearing around
the panel perimeter near the abutment zone. The
rapid change of the excess pressure profile can also
be observed along the centerline of the gob. As
time progresses, the pore pressure distribution in
the vicinity of the opening changes sharply, with
high pore pressure expanding to a larger region.
The relatively higher pressure gradient in the panel
areas is rapidly dissipating to the far field. At a
time of 1000 days (Fig. 17), the general excess
pressure distribution together with its magnitude
does not vary noticeably in the domain (Fig. 17).
At the time of 1000 days, the excess pore pressure
is less than 1% of the initial value, and appears to
be distributed almost uniformly compared with
the initial pattern.

(b) Pore pressure in longitudinal section
( progressive excavation )

The finite-element mesh (model d) shown in
Fig. 18 is used, assuming the left boundary as the
centerline of the mining panel. The parameters in
Table 2 are applied again.

Assuming that the rate of face advance is 30
ft/day, the pore pressure distribution at four stages
of mining for mining lengths equal to 600, 1200,
1800 and 2400 ft (183, 366, 549 and 732 m) are
illustrated in Figs. 19-20, respectively, correspond-
ing to 40, 80, 120 and 160 days in full mining
width as depicted in Fig. 18. It is apparent that
the induced pore pressure expands primarily in the
horizontal direction as panel length increases. The
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vicinity of the mining panel. High pore pressure
occurs mainly in the region around the abutment
zone in the neighborhood of gob. The generation
of the significant pore pressure is obviously associ-
ated with the mining-induced high compressive
stress in the mining region. This scenario is mani-
fest where the half mining length reaches 1800 ft
(548.6 m) in Fig. 22.

Further parametric investigation

From the previous analysis, the important
parameters have been identified as the pore pres-
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sure ratio «,, and the relative compressibility, «,.
Further investigation of the effect of these parame-
ters on pore pressure variation is described in the
following, using the finite-element mesh (model c)
illustrated in Fig. 13 and representing instantan-
eous excavation of a long tabular opening.

(a) Rate of pore pressure dissipation

Figure 23 depicts a rapid pore pressure dissipa-
tion over time along the centerline of the panel. It
is found, however, that the dissipation rate may
be substantially reduced by reducing the relative

Fig. 18. Mesh layout for finite-element model d

compressibility a,. It is of interest to note the
dramatic change of fluid pressure throughout the
overburden at time equal to 1 day, and around
the mining region at time equal to 10 days. Excess
pore pressure declines fast after 10 days and dimin-
ishes at time equal to 1000 days.

(b) Pore pressure ratio

The pore pressure ratio, a,,indexes the relative
impact of the seepage force on resulting solid body
deformations. For a relative compressibility o,
equal to 0.001, Figure 24 indicates the normalized
fluid pressure at the point of 600 ft (183 m) from
the panel centerline and at the depth of 720 ft
(219 m) between the time of 0.01 day and 100
days, with a; ranging between 0.5 and 1. There is
no striking difference between various o, magni-
tudes although a higher a, in general represents a
higher induced pressure field. It appears that the
effect of the pore pressure ratio is unimportant in
terms of the evaluation of fluid pressure magni-
tudes, at least under these particular circumstances.

(¢) Relative compressibility

For a constant porosity and constant pore pres-
sure ratio o,, relative compressibility, o,, is
inversely proportional to the fluid bulk modulus
and solid bulk modulus. For an «; of 1.0 and at
the depth 200 ft along centerline, the sensitivity of
pore pressures against various «,’s is depicted in
Fig. 25 between times 0.01 day to 100 days. A
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dramatic reduction of pore pressure occurs when
o, increases from 0.005 to 0.05. The rate of the
pressure change is reduced if «, is larger than
0.025. A greater compressibility of the porous
medium results in a smaller pore pressure being
generated along the panel centerline, probably due
to an increase in displacement fieid. This scenario

holds equally with constant bulk modulus but

variable porosity.
Concluding remarks

A finite-element model representing single
porosity poroelasticity is presented and utilized in
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particular to investigate the transient behavior
around underground longwall panels. The
following conclusions may be drawn as a result of
this analysis.

(a) In some poroelasticity models, the pore
pressure ratio o, is assumed to be unity, as sug-
gested by Terzaghi (1923). However, both experi-
mental studies (Geertsma, 1957; Skempton, 1960)
and theoretical analyses (Nur and Byerlee, 1971)
have indicated that a; may approach unity only
when the bulk modulus of the grains is significantly
greater than that of the skeleton of the porous
medium. This may be true for soil, but is rarely
true for most rocks. The magnitude of a, represents
the influence of the seepage force on the resulting
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pressure and displacement field. A direct propor-
tionality between o, and induced excess pore pres-
sure is identified in this study. A decrease in the
pore pressure ratio, «,, results in a reduction in
induced pore fluid pressures. For the material
characteristics used in this study, pore pressures
appear insensitive to the ratio «;.

(b) A significant change of the pore pressure
field in the overlying strata during the mining
process indicates that a substantial modification
of hydraulic conductivity could occur. This change
is not accommodated in the model. The prediction
of this transient process may prove useful in mini-
mizing adverse impact when mining is underway.

(c) The compressibilities of interstitial fluid and
the solid skeleton appear inversely related to the
magnitude of induced pore pressures. A greater
change in pore pressures may occur in a porous
medium with smaller relative compressibility.

(d) Time factor has a critical influence on the
fluid pressure field and solid displacement field.
The pore pressures dissipate with time. This tran-
sient response should be regarded as important in
representing changes in the distribution of hydrau-
lic conductivities during the mining process.
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